The aerobic spoilage of chilled fresh meats is largely a surface phenomenon (11) . Microorganisms most commonly involved in this spoilage process include species of Pseudomonas, Moraxella, Acinetobacter, and Enterobacter, as well as Brochothrix thermosphacta (8) , Pseudomonas spp. in most instances dominating in the spoilage flora. One important factor contributing to the domination by Pseudomonas spp. is ability to grow faster at low temperatures than the other common meat spoilage organisms (7) . The primary carbon source for the growth of the Pseudomonas spp., Enterobacter spp., and B. thermosphacta is glucose, whereas amino acids are used by species of Acinetobacter and Moraxella as the carbon source (7) .
Lynch and Franklin (15) found that at high temperatures (30°C), the major portion of available glucose is taken directly into Pseudomonas fluorescens and phosphorylated, whereas at low temperatures, the glucose is oxidized extracellularly to gluconate, 2-ketogluconate, or both.
These workers stated that the oxidative metabolic pathway may at low temperatures confer a competitive advantage to P. fluorescens over other organisms.
The present study was thus undertaken to determine whether there is a significant conversion of glucose to gluconate, 2-ketogluconate, or both during the storage of meat at chill temperatures.
MATERIALS AND METHODS Bovine longissimus dorsi muscle (2 to 4 days postmortem) was obtained from a local abattoir. The meat was trimmed of visible fat and connective tissue with sterile instruments under a laminar flow unit. The muscle was then cut into slices of 10 or 14 g (length, 6 .35 or 7.6 cm; width, 2.54 or 3.2 cm, respectively), which were then wrapped in oxygen-permeable polyvinyl chloride film and stored at 4°C. For the analyses, either the entire 10-g slices or 2-or 1-g portions (length, 3.0 or 2.5 cm; width, 1.5 or 1 cm, respectively) cut from the 10-and 14-g slices were used.
Glucose dehydrogenase activity during storage of longissimus dorsi muscle at 4C. Longissimus dorsi muscle (10 g) was stored for various periods at 4°C in a polyvinyl chloride wrap. At each sampling, two 10-g samples were removed from storage, and each was put into a 50-ml flask containing 20 ml of distilled water and glass beads. Each flask was shaken vigorously by hand for 1 min, and the liquid portion was decanted and centrifuged (17, -, Not determined. f ND, Not detected.
Glucose and lactic acid analyses. Glucose and lactic acid levels in longissimus dorsi muscle stored for various periods at 4°C were determined by the method of Gill (6) .
For the initial sampling, duplicate 1.0-g portions were cut from 10 g of meat; the remainder of the sample was rewrapped in film and put back into storage at 4°C for further sampling on days 6 and 12. Each 1.0-g portion was extensively ground in 6 ml of 6% (wt/vol) perchloric acid. The liquid perchloric acid fraction was decanted and centrifuged (12,100 x g; 15 min).
The supernatant fraction was placed on ice, the pH was adjusted to 6.5 with 20% (wt/vol) KOH, and the precipitated KCl04 was removed by centrifugation (3,020 x g; 10 min). The glucose oxidase-peroxidase method was used to determine glucose in the supernatant fraction, and the lactic acid dehydrogenase method was used to determine lactic acid (enzyme kits from Sigma Chemical Co., St. Louis, Mo.).
Gluconate analysis. (i) Normal muscle. For the initial sampling, duplicate 2.0-g portions were cut from 14 g of meat; the remainder of the sample was rewrapped in film and put back in storage at 4°C for further sampling on days 6 and 12. Each 2.0-g portion was treated with perchloric acid and ground, as was done for the glucose and lactic acid analyses. The liquid perchloric acid fraction was decanted and centrifuged (12,000 x g; 15 min).
The supernatant fraction was placed on ice, the pH was adjusted to 10.0 with 20% (wt/vol) KOH, and the precipitated KCI04 was removed by centrifugation (3,020 x g; 10 min).
The amount of gluconate in the supernatant fraction was determined by the gluconate kinase-6-phosphogluconate dehydrogenase method (Boehringer Mannheim Corp., 1979, Methods of Enzymatic Food A nalvsis). All reagents were from Sigma.
(ii) Irradiated inoculated muscle. P. fluorescens, P. putida, a nonfluorescent pseudomonad, Enterobacter agglomerans, and B. the-inosphacta were isolated from meat that had been allowed to spoil in air at 4°C. These organisms were maintained on brain heart infusion agar (Difco Laboratories, Detroit, Mich.) at 4°C.
Longissimus dorsi muscle was cut up into thin (3.0-cm length; 1.5-cm width) 2-g slices. The pieces were sterilized with 10 kGy of gamma radiation (Gammacell 220; Atomic Energy of Canada Ltd.), and then the surface of each piece was evenly inoculated with 25 served that mutton stored until it spoiled still contains a significant amount of lactic acid. Glucose decreased from 0.06% at day 0 to 0.002% at day 12 ( Table 1 ). The levels obtained initially (day 0) were greater than those reported by Newton and Gill (17) but similar to those observed by other workers (4, 5) at the beginning of experiments as well as during storage of meat at chill temperatures.
Gill (6) has further observed that glucose is used preferentially by all meat spoilage organisms except Acinetobacter spp. in meat juice medium stored at 30°C. Gill has also shown that the level of lactic acid does not decrease until the glucose supply has been exhausted. In the present study with 10-g slices of meat stored at 4°C, the glucose and lactic acid levels decreased concurrently (Table 1) .
Concomitant with this decrease was an increase in glucose dehydrogenase activity, especially from day 6 to day 12 of storage. Lynch et al. (16) have shown that maximum enzyme activity in P. fluorescens grown at 5°C occurs when the cells approach the stationary phase of growth.
Since the pseudomonads predominate in the microflora of meats undergoing aerobic spoilage at chill temperatures (1, 13), the observations of Lynch et al. (16) may be used to explain the results obtained in our studies. The pseudomonads were the predominant species after 6 to 12 days of storage, and their stationary phase of growth had been reached (total colony-forming units per gram: day 0, 5.0 x 103: day 6, 2.0 x 109; day 12, 1.6 x 1010); therefore, the substantial increase in glucose dehydrogenase activity can be readily appreciated.
Because glucose dehydrogenase activity increases during the storage of meats, the possibility exists that glucose may not be metabolized entirely via intracellular phosphorylation to glucose-6-phosphate but may be metabolized partially or wholly via extracellular conversion to gluconate, 2-ketogluconate, or both before uptake by the cells.
Indeed, the gluconate concentration increased approximately 20-fold during the first 6 days of storage and subsequently decreased. In addition, 2-ketogluconate was not detected by thinlayer chromatography at day 0 but was detected on days 6 and 12 (data not shown). In dark firm dry meat, which is characterized by a high ultimate pH and a low or absent glucose content (17) , little or no gluconate was formed during storage, as was expected ( Table 1) .
The gluconate concentrations in meat slices that were irradiated and inoculated with P. fluorescens, P. putida, or a nonfluorescent pseudomonad respectively increased approximately 18-, 7-, and 3-fold during the first 6 days of storage and subsequently decreased. No such increases were seen in irradiated meat inoculated with either B. thermosphacta or an Enterobacter sp. (Table 2 ). Acinetobacter sp. and Moraxella sp. were not tested because our isolates were found not to utilize glucose oxidatively as a carbon source for growth. By day 6, all three pseudomonads had grown on meat to numbers higher than those to which either of the two other species grew (Table 2) . These findings agree with those of other workers (7, 9) , who have reported that pseudomonads grow faster than other meat spoilage organisms at temperatures of 15°C and lower.
Irradiated uninoculated meat samples were found to contain gluconate concentrations of 4.8, 5.3, and 7.1 ,ug/g on days 0, 6, and 12 of storage at 4°C, respectively. Thus, endogenous meat enzymes were not responsible either for the observed increases in gluconate concentrations in meat during the first 6 days of storage at 4°C or for the subsequent decrease.
Gill (6) its oxidation products, namely gluconate, 2-ketogluconate, or both. The latter products were subsequently metabolized by the microbial flora.
Gill and Newton (7) have stated that for both fluorescent and nonfluorescent pseudomonads, glucose, amino acids, and lactic acid (in that order) are the initial sources of carbon. The preferential sources of carbon for the enterobacters appear to be similar, with the exception that glucose-6-phosphate is used in preference to amino acids and lactic acid. For B. thermosphacta, glucose and then glutamate are the principal carbon sources.
Our results raise the possibility that once glucose is reduced to levels low enough for catabolite repression to be removed, the microbial flora utilize the gluconate and 2-ketogluconate as carbon sources; the disappearance of amino acids at this time may reflect their utilization as sources of nitrogen as well as carbon. Once the gluconate and 2-ketogluconate are depleted, the amino acids could, of course, satisfy both the carbon and nitrogen needs of the system.
Because of the conversion of glucose to gluconate, 2-ketogluconate, or both, a definite selective advantage could be conferred on the pseudomonads during their competition with other meat spoilage organisms for carbon sources. Moraxella spp. (2; unpublished data) and most of the Acinetobacter spp. studied (3, 7, 12; unpublished data) cannot use glucose as a carbon source. The majority of species of these two genera would also be disadvantaged by their inability to grow at the low pH (5.5 to 5.7) prevailing in fresh chilled meats (7, 9 ; unpublished data).
Glucose, glucose-6-phosphate, lactic acid, and amino acids have been shown to be metabolized in meat during storage (7) . This report shows for the first time the presence, conversion, and utilization of glucose oxidation products in muscle by meat spoilage organisms.
